Abstract: Delivery systems in the form of lipids have been mainly developed for drugs in the pharmaceutical field, but lipids as delivery systems for bioactive ingredients can be extended to the functional food and nutraceutical fields. Lipid delivery systems may have considerable benefit by enhancing the transport of important bioactive molecules to different tissues, as well as improving the oral bioavailability of poorly water-soluble compounds. On the other hand, formation of lipid delivery systems leads to the lipophilization of compounds, which enhances the lipophile/hydrophile balance of molecules. Furthermore, mutual activity when the carrier used is another biologically active compound is of interest for lipid delivery systems.
INTRODUCTION
Bioactive molecules claiming a potential use as functional ingredients or nutraceuticals are continuously appearing in the scientific literature, including compounds of diverse origin and nature such as phenolic acids, sterols, fatty acids or vitamins [1] [2] [3] [4] [5] . However, many of them have limited solubility, which makes difficult their manipulation for inclusion in foods, and which may limit its functionality, since the luminal solubilization and dissolution in the gastrointestinal tract are necessary for their bioavailability [6] [7] [8] [9] [10] . On the other hand, diverse functional ingredients are remarked due to their antioxidant properties in biological systems, but also acting as protective agents of oxidation in foods matrices. This offers an attractive advantage for their technological use as antioxidants in foods, giving an added-value to the food due to the own bioactive compound [1, 2, 7, and 11] . However, the limited solubility of diverse bioactive ingredients also affects such technological application for food manufacturers.
Oral delivery systems, natural or engineered, for the efficient release of an active compound can provide a means of *Address correspondence to this author at the Departamento de Producción y Caracterización de Nuevos Alimentos, Instituto de Investigación en Ciencias de la Alimentación (CIAL) (CSIC-UAM), 28049 Madrid, Spain; Tel: +34 910017912; Fax: +34 910017905; E-mail: carlos.torres@uam.es optimizing the application of bioactive molecules. This strategy is extensively and intensively developing for bioactive molecules or drugs in the pharmaceutical field [10, 12, 13] . Thus, diverse strategies have been developed for drug delivery systems, such as the use of surfactants, lipids, lipid emulsions, permeation enhancers, micronization, salt formulation, nanoparticles or solid dispersions [10] . In the specific case of drug delivery systems as lipids, these include triacylglycerols (TG), diacylglycerols (DG), phospholipids (PL), fatty acids, sterols and other synthetic derivatives [14] . Within this last term of synthetic derivatives of lipids, the group of structured lipids (SL) can be included. SL are acylglycerols, glycerophospholipids or other lipid molecules that have been modified from their natural biosynthetic state by chemical and/or enzymatic methods [15] . Such modifications include the incorporation of new fatty acids or other molecules, as well as the restructuration of the lipid to change the positions of fatty acids in order to yield novel lipids.
Some examples of modified lipids for drug delivery systems can be found in the pharmacologic literature, such as GABA neurotransmitter linked to glycerides in order to promote its diffusion through the blood brain barrier [16] or L-Dopa linked to DG [17] to produce a more favorable LDopa/dopamine plasma and brain ratio. Pro-drugs of nicotinic acid were also prepared linked to DG esters [18] , leading to a significant decrease of the free FA plasma levels in rats, without the dramatic increase in nicotinic acid plasma levels observed after the oral administration of an equimolecular dose of nicotinic acid. Marriot et al. [19] patented a product with the same therapeutic effects as valproic acid, but without causing gastric irritation, thanks to the esterification of glycerides with valproic acid.
In the food technology field, the traditional production of SL has been mainly approached to make the lipids more suitable for their own end use; namely, for food technology or nutritional objectives, such as modifications of the melting or crystallization properties of oils and fats, or for application in reduced-calorie products [20] . Taking into account the advanced state of the art of the technology of SL, the extension of their use as delivery systems of bioactive molecules for food ingredients may have considerable benefit. Similarly to drugs, delivery systems for bioactive ingredients allows the lipophilization of poor soluble molecules for application in food matrices, and the lipid delivery system may protect essential nutrients and other bioactive food components during food digestion. Thus, it may prevent the loss of the component, or adverse interactions with inhibitors of absorption. In addition, lipid delivery systems could transport important functional molecules to different tissues and enhance the oral bioavailability of poor soluble compounds. On the other hand, an additional aspect is of interest for lipid delivery systems, namely the mutual activity when the carrier used is another biologically active compound. Thus, synergistic action, additional biological activity or help to target the parent bioactive molecule to a specific site or organ and cells could be attained.
This review focuses on lipids as delivery systems of carrier-linked bioactive ingredients, namely TG, PL, fatty acids and fatty alcohols, sterols and alkylglycerols, as well as their inherent biological activity. Modifications of these structures in which specific molecules are incorporated, and the influence on the chemical stability, bioactivity, bioavailability or organ selectivity, targeting these bioactive molecules to specific areas of other tissues preventing or reducing undesirable effects, are addressed. In addition, the impact of lipophilization on other specific properties such as antioxidant effect will be described. Lipid delivery systems as carriers of bioactive fatty acids, phenolic compounds and vitamins will be the main examples illustrated.
TRIACYLGLYCEROLS AS LIPID DELIVERY SYSTEMS OF BIOACTIVE INGREDIENTS

Triacylglycerols as Lipid Delivery Systems of Bioactive Fatty Acids
TG is the traditional lipid form used to produce SL [15] . The current development of the technology of structuration of lipids allows the production of synthetic TG by the exchanging or combination of either short-, medium-or longchain fatty acids (SCFAs, MCFAs and LCFAS, respectively) of bioactive interest. The most representative and known example are synthetic TG consisting of SCFAs or MCFAs at sn-1,3 position together with LCFAs (mainly long-chain PUFAs) or desired bioactive fatty acids at sn-2 location. This fat would integrate rapidly available energy due to the SCFAs or MCFAs, as well as essential or desired fatty acids at the same molecule. This is because fatty acids located at sn-2 position are preferentially absorbed for entering the lymphatic system, whereas SCFAs and MCFAs located at sn-1 and sn-3 positions are absorbed and transported to the liver for providing an important source of energy without being deposited in adipose tissue [20] . Therefore, it is easy to think that linking functional or bioactive fatty acids at sn-2 position of TGs is of interest on the development of lipid delivery systems of bioactive fatty acids in the form of TGs for oral administration. As examples, Maurelli et al. [21] synthesized TG by enzymatic reaction between sn-1,3-DG and conjugated linoleic acid isomers (CLA) at sn-2 position. Muñio et al. [22] produced TG with structure caprylic-PUFA-caprylic. Similarly, Haraldsson et al. [23] obtained a SL with DHA and EPA both in sn-2 position using a chemoenzymatic approach.
These examples illustrate some of the possibilities of TG as delivery systems of bioactive fatty acids. The structuration of TG has been intensively studied since decades ago. For more complete information regarding studies of structured TG containing bioactive fatty acids, excellent research works and reviews found in the scientific literature are recommended [15, 20, 24, 25] . The potential of structured TG as lipid delivery systems of other bioactive molecules different to fatty acids, such as phenolic acids or vitamins, will be reviewed in the following paragraphs, since it is considered newer and interesting for the field of delivery systems of functional ingredients.
Triacylglycerols as Lipid Delivery Systems of other Bioactive Compounds
Phenolic Compounds
Phenolic acids are natural compounds that occur ubiquitously in fruits, vegetables, spices and aromatic herbs. This heterogeneous group includes simple phenols and polyphenols as well as their derivatives. In addition to their suggested properties in biological systems as antimicrobial, anticarcinogenic and antimutagenic compounds, most phenolic acids seem to be potent antioxidants [1, 2] . Thus, the potential usage of phenolic compounds in processed foods as natural antioxidants is of current interest [1, 2] . However, the poor solubility of phenolic compounds has been reported as a major drawback that limits its application and bioavailability [26, 27] . Lipophilization of phenolic acids, which involves the esterification of the phenolic acid with a lipophilic moiety, leads to new molecules with modified lipophilic/hydrophilic balance, enhancing its utilization as antioxidant compounds and improving its bioavailability [6] .
Some attempts of lipophilization of phenolic acids have been performed by complexation with liposomes, nanoparticles, niosomes or structuration with fatty acids [28] . In the specific case of structured TG, Reddy et al. [29] described the chemo-enzymatic synthesis of structured TG bearing ferulic acid at sn-1/3 position. Ferulic acid is a common phenolic acid which is of current interest due to both evidenced antioxidant and antiinflamatory properties in general, and that has been pointed out as potential therapeutic agent in the therapy of free radical-related syndromes such as neurodegenerative disorders, cancer, cardiovacular and skin diseases [28] . Reddy et al. [29] showed an improvement in the antioxidant activity of the synthesized phenolic SL with ferulic acid compared to ferulic acid alone when they were tested both in a lipid matrix and in a micellar system of linoleic acid. The improved antioxidant activity of the SL of ferulic acid was comparable to that of the control dodecyl gallate in the lipid matrix, and superior activity than the control was observed when the SL was included in the micellar system of linoleic acid.
Xin et al. [30] investigated the lipase-catalyzed transesterification of ethyl ferulate with triolein, to form ferulyl oleins, whereas Sun et al. [31] studied the enzymatic esterification of glyceryl ferulate and oleic acid for feruloylated DG synthesis. Similarly, Zheng et al. [32] described an enzymatic synthesis approach for the preparation of feruloylatedstructured glycerides through the transesterification of ethyl ferulate and tributyrin. These authors reasoned that structuring tributyrin with ferulic acid could produce a novel bifunctional feruloylated lipid, because ferulic acid moiety may work as antioxidant, while butyric moiety has been pointed out as a bioactive SCFA with suggested anti-inflammatory and anticancer properties [33] . However, the potential application of free butyric acid as antitumor agent beyond colon is limited by the problem to reach enough plasma concentrations required to exert its antiproliferative/differentiating actions. Moreover, it is rapidly metabolized, showing a short half-life [34] . Hence there is an interest on producing delivery systems of butyrate such as the illustrated feruloylated lipid with tributyrin. Subsequent studies showing the effective bioactivity of the produced feruloylated-structured glycerides with tributyrin are not available in the scientific literature at present.
Concerning other phenolic compounds, Karboune et al. [35] synthesized structured phenolic lipids by lipasecatalyzed acidolysis of flaxseed oil with hydroxylated or/and methoxylated derivatives of cinnamic, phenyl acetic and benzoic acids. These authors reported that the antioxidant activity measured by the radical scavenging activity of the derived 3,4-dihydroxyphenyl acetylated lipids was lower than that of the free phenolic acid form, but close to that of the control -tocopherol. On the contrary, in the case of derived p-coumaroylated lipids, the antioxidant activity was similar to that of coumaric acid.
Sabally et al. [36] described the production of phenolic MG and DG by enzymatic transesterification of dihydrocaffeic acid with flaxseed oil. In this case, a negative effect on the radical scavenging ability of the modified phenolics was reported. It was suggested that the attachment of the glycerol moieties to the side chain of the dihydrocaffeic acid might reduce the rotation degree of the phenyl moiety, leading to a reduction in the radical scavenging capabilities.
Vitamins
Carotenoids are known for providing structural stability and other beneficial functions to membranes. They have been suggested as potent antioxidants and seem to protect against a variety of diseases, including cancer, cardiovascular disease and eye health [37, 38] . Unfortunately, these compounds are highly labile and susceptible to oxidation. Thus, carotenoid delivery systems have been suggested as potential forms of avoiding the carotenoid degradation and allowing the more efficient inclusion in food matrixes [38] .
Houte et al. [39] synthesized structured glycerides containing carotenoic acid. Additionally, selena fatty acids were also included in the glyceridic molecule together with carotenoids, in order to combine two bioactive molecules within the same lipid, since it seems that the replacement of a methylene group by selenium increase the inhibition of microbial growth [40] . Moreover, selenium also seems to act as antioxidant and enhancer of the immune system [40] . On the other hand, carotenoids, vitamin E and selenium show similar or complementary physiological properties and seem to protect against a variety of pathological processes. In this sense, Naalsund et al. [41] esterified carotenoic acid, selena fatty acid and vitamin-E with glycerol, a molecule that was named "triantioxidant glyceride".
Phospholipids as Lipid Delivery Systems of Bioactive Ingredients
PL are major constituents of cell membranes and play crucial role in the biochemistry and physiology of cells. The parent structure of the PLs is phosphatidic acid (sn-1,2-diacylglycerol-3-phophate, PA). The term lyso-PLs is used for denoting the hydrolyzed PLs at sn-2 location. Both nonhydrolyzed PLs, lyso-PLs and PA are molecules of bioactive interest and, at the same time, might be potential delivery systems of bioactive compounds, including functional fatty acids.
The consideration of the particular intestinal hydrolysis of oral PLs is crucial for taking advantage of the potential bioactivity of the linked fatty acids to PLs. In the lumen of small intestine, the dominant digestive enzyme for PL, namely phospholipase A 2 , hydrolyzes fatty acids from sn-2 location, releasing free fatty acids and lyso-PL, with a fatty acid remaining at sn-1 location. Both hydrolysis products are taken up by mucosal cells and are re-secreted within chylomicrons as newly-formed PL or TG [42] . It is easy to think that linking functional fatty acids at sn-1 position of PLs is of interest in the development of lipid delivery systems of bioactive fatty acids in the form of PLs for oral administration. In addition, regardless of the specific sn-1 fatty acid, the hydrolysis product lyso-PL is of interest by itself, considered as a lipid second messengers that evoke a variety of biological responses including immune response, platelet aggregation, cell proliferation and differentiation [43, 44] . On the other hand, during the metabolism of PLs, the enzyme phopholipase D catalyzes the hydrolysis of the phosphodiester bond of PLs to generate PA and a free headgroup. PA has been implicated in various cellular processes in signal transduction, membrane trafficking, secretion, and cytoskeletal rearrangement [45] . Lysophosphatidic acid (LPA) can be also released during metabolism of PLs. LPA has been shown to act as an intermediate in transmembrane signal transduction processes, as a platelet activating factor and in the stimulation of cell proliferation, as well as in tumor cell motility [46, 47] . In addition, LPA with different fatty acids species exhibit differential biological activities as a result of differentially activation of the LPA receptors [48] .
All the described forms of non-hydrolyzed PLs, lysoPLs, PA, as well as LPA have been tested as delivery systems of bioactive molecules, with the potential of combining within the same molecule the bioactivities of both the PL backbone and the vehiculated compound at sn-1, sn-2 or at polar head group, with the likely subsequent impact on the final functional activity.
Phospholipids as Lipid Delivery Systems of Bioactive Fatty Acids
Modifications of PLs by incorporation of fatty acids at sn-1 or sn-2 locations can be carried out by alcoholysis, acidolysis or esterification by diverse enzymatic methods [49] . In addition, the polar head group of PLs can be also modified or replaced with functional or bioactive alcohols by the transphosphatidylation reaction catalyzed by phospholipases D. Thus, diverse enzymatic methods to incorporate specific fatty acids into PLs using lipases and phospholipases have been reported, in order to incorporate both SCFA, MCFA and LCFA, as well as long-chain PUFA or other particular fatty acids such as CLA [50] [51] [52] .
In the specific case of n-3 fatty acids and n-3 PUFA, different studies of PLs esterification with these fatty acids have shown the interest on this issue [51, 53] . This is because the PUFA-containing PL seems to be related to biological properties. Thus, PUFA-containing PC or lyso-PC in cell membrane has shown a decrease of plasma lipids or inhibition of tumor cells [54, 55] . On the other hand, sn-2 PUFAcontaining PC seems to be a good source of entry of PUFA into the brain [56] . Huggins et al. [58] suggested that PC containing PUFA at sn-2 position caused changes in recombinant HDL structure affecting apolipoprotein A-I stability and conformation, as well as influencing the fluidity and hydration of the PL environment. In this sense, Bayon et al. [57] esterified DHA in the form of lyso-PC and showed that it was captured by the brain of intravenously administered rats better than the lyso-PC containing other fatty acids such as 18:1, 18:2 and 20:4.
Regardless of the specific structured PLs, it is interesting to remark the different behavior of delivery systems in the form of PLs when compared to delivery systems of the same fatty acids in the form of structured TG. Tall et al. [59] studied different natural sources of PUFA as TG or PL and the influence on the distribution in plasma lipoproteins. The level of arachidonic acid and DHA in HDL-PL and cholesteryl esters was significantly higher in piglets fed the PL diet than in those fed the TG diet. Opposite results were found in the LDL-PL. These evidences showed that PLs seemed to be better vehicle for improving the bioavailability of some bioactive fatty acids than that observed for TG.
Phospholipids as Lipid Delivery Systems of other Bioactive Compounds
Phenolic Compounds
Phenylalkanols, such as tyrosol and hydroxytyrosol (HT), are well-known natural phenolic antioxidants. Within other phenols, HT has been pointed out as responsible for the health benefits associated with habitual consumption of virgin olive oil. It seems to protect against oxidative stress, to reduce risks connected with aging pathogenesis, and to be active against microbial attack or cancer proliferation [60] [61] [62] . The hydrophilic antioxidant HT has been shown as a potent antioxidant in fat and oily matrices [7] , hence the interest on producing lipid delivery derivative of HT. As example, tyrosol and HT have been lipophilized by phosphatidylation with phospholipase D [63] .
Perillyl alcohol is a naturally occurring cyclic monoterpene that has been related to apoptotic effects on prostate cancer cell lines and angiogenesis inhibitor effect [64] . Synthetic phosphatidylated monoterpenes alcohols catalyzed by phospholipase D (phosphatidyl-perillyl alcohol, -myrtenol, and -nerol) showed a marked antiproliferative effect on human prostate PC-3 and human leukemia HL-60 cells [65] .
Vitamins
Alpha-tocopherol and its homologs are widely used as antioxidant additives in a variety of foods including edible oils and oil emulsions, but these lipid soluble types of vitamin E do not always provide effective protection against oxidative rancidity in all foods, especially those of more polar nature containing high water content [66] . In this respect, the synthesis of a water soluble vitamin E derived from PC by phospholipase has been attempted [67, 68] , showing higher affinity to PLs membranes [67] and higher activity in improving the oxidative stability of lard than alphatocopherol [69] .
Concerning carotenoids, it has been shown that emulsification and, consequently, uptake of carotenoids, can be enhanced by the presence of lyso-PC [70] . The water dispersibility of hydrophobic carotenoid has been also greatly enhanced by using it as the acyl part in the synthesis of a highly unsaturated lyso-PL [71] . According to these evidences, chemical synthesis and characterization of a carotenoidglycerophosphocholine derivative has been performed [72, 73] .
L-Ascorbic acid is one of the water-soluble antioxidants in the defense system against active oxygens in the interface area of membrane lipid and aqueous phase [11] . The most popular form of lipophilic derivative of ascorbic acid is ascorbyl palmitate, but forms of lipid delivery of ascorbic acid as PL have been also described. Thus, Nagao et al. [74] synthesized 6-phosphatidyl-L-ascorbic acid, which showed better antioxidant effect than the own L-ascorbic acid.
Other water soluble vitamins as thiamine, pyridoxine, riboflavin and pantothenic acid can be modified by their linking to PLs through enzymatic synthesis, the PL-vitamin derivatives being lipophilic forms of water soluble vitamins. As example, a phospholipase D was used to catalyze the transfer of the dipalmitoylphosphatidyl residue from 1,2-dipalmitoyl-3-sn-PC to thiamin, pantothenic acid, thiamin, riboflavin and their derivatives in a biphasic system [75, 76] .
FATTY ESTER AND FATTY ALCOHOLS AS LIPID DELIVERY SYSTEMS OF BIOACTIVE INGREDIENTS
Phenolic Lipids
Besides TG and PL, delivery systems of phenolic compounds by esterification to fatty acids or alcohols has been also described in diverse studies. As example of the popular ferulic acid, Chigorimbo-Murefu et al. [77] achieved the synthesis of esters of ferulic acid with natural compounds by transesterifications of vinyl ferulate with hydroxyl-steroids catalyzed by lipases. The lipid derivative showed higher antiradical activity against the ABTS free radical test, inhibited the oxidation of LDL more efficiently, and exhibited higher antioxidant activity than Trolox and the own ferulic acid.
The interest on the phenolic compound HT has been already described in previous sections. Despite the bioavailability of HT is not a problem, it has been recently shown that synthetic ester derivatives of this phenol were transported across differentiated Caco-2 cell monolayers more efficiently than the former HT, which suggests a better intestinal absorption of the lipophilic derivatives of HT [78] . As already explained, another reason of the interest on producing lipid delivery derivates of HT is to enhance its use as antioxidant in foods. Therefore, derivatives of HT with a better lipophile/hydrophile balance are being assayed for their possible use as antioxidants in foods and, at the same time, for the increase of bioavailability.
The most common methodology to convert HT into more lipophilic analogs is the esterification of the primary alcoholic group without affecting the catechol moiety, which is known to be essential for the antioxidant and protective effects [7] . More than 40 lipophilic analogs of HT have been produced using lipases such as Candida Antarctica [79] . Most of these lipophilic analogs of HT showed good radical scavenging activities and/or effectively inhibited lipid oxidation. In some cases, the HT analogs were even more effective than tocopherol or BHT. Some of the lipophilic HT analogues also demonstrated to protect towards oxidative damage to human cells, and in particular towards H 2 O 2 -induced DNA damage [7] . In addition, the position of the alkyl chain influenced the scavenging capacity, whereas the type of fatty acid acylating the phenolic alcohol did not seem to be relevant [7] .
Flavonoids are the most common group of polyphenolic compounds in the human diet and are found ubiquitously in plants. The beneficial effects of fruits, vegetables, tea, and red wine have sometimes been attributed to flavonoid compounds. However, the use of flavonoids is limited by their low stability and solubility [8] . It has been shown that the esterification of isoflavones with fatty acids at different hydroxyl groups provided the lipophilicity needed for incorporation into LDL and increased the oxidation resistance of LDL [80] . On the other hand, the specific esterification of flavonoids with unsaturated fatty acids showed evidences of lower releasing of vascular endothelial growth factor, indicating that they might possess improved anti-angiogenic and anti-tumor properties [81] . Salem et al. [82] have recently shown that the enzymatic acylation of flavonoid compounds with ethyl laureate and ethyl butyrate enhanced the capacity to inhibit xanthine oxidase and its antiproliferative activity, but decreased the radical scavenging activity. Other studies have shown that the introduction of an acyl group into glucosylated flavonoids significantly improved their antioxidant activity towards both LDL and serum model in vitro [83] . Furthermore, the acylated derivative of disaccharidic flavonoid increased its antimicrobial activity against two Grampositive bacteria [83] .
Rosmarinic acid is a polyphenolic acid popular for being related to the prevention of oxidation of LDL, inhibition of cell proliferative activity, as well as antibacterial, antiviral and antioxidative activities [84] . The production of SL of rosmarinic acid as lipid systems of this polyphenol is scarce, but the assays about their bioactivities are promising. Thus, esters from rosmarinic acid formed by chemical procedure showed a greater free radical scavenging activity than rosmarinic acid [85] . In addition, esters reduced thrombin-evoked platelet aggregation and the ability of platelets to accumulate Ca 2+ in the intracellular stores. These observations suggested that the structural lipid analogs of rosmarinic acid might be the base of therapeutic strategies to prevent thrombotic complications associated to platelet hyperaggregability due to oxidative stress.
Similar to most phenols, caffeic acid and its derivatives are known for antioxidant properties. Lipid derivative systems have been prepared and tested as propyl and methyl esters of caffeic acid [86] . The anticancer properties of these compounds in human cervix adenocarcinoma cells were tested and it was found a significant growth-inhibition effect for some of these compounds, clearly dependent on their structural characteristics. Thus, the propyl esters showed a considerably more pronounced antitumoral effect than their octyl and methyl analogs.
Vitamins
The most popular form of lipophilic derivative of ascorbic acid is ascorbyl palmitate. Dietary ascorbyl palmitate seems to be an effective source of plasma vitamin C [87] . It has also been demonstrated that lipid derivative of ascorbic acid inhibited the promotion of ornithine decarboxylase activity which may inhibit induced biochemical parameters associated with skin-tumor promotion [88] . In addition, a lipid-soluble derivative of ascorbic acid could serve as a carrier of ascorbate into neural tissues [89] . This last study showed that the content of the soluble derivative of ascorbic acid was higher than free ascorbic acid in cerebral cortex and carotid body tissues, by nearly an order of magnitude, after ingestion of the ascorbyl palmitate. Thus, the lipophilic derivative was able to cross biological barriers and satisfied the tissue demand for ascorbate better than the hydrophilic form.
The effect of the acylation of other vitamins for improving their bioactive properties has been also studied. Vitamin A or retinoic acid is linked to the formation of visual pigments and its deficiency has been related to poor biosynthesis of proteins in the retina [90] . Retinyl palmitate, as ester derivative of retinoic acid, was suggested to be an effective way to maintain the levels of proteins in the retina [90] . On the other hand, concerning retinoic acid, an important negative effect of this vitamin is its teratogenic effect evidenced since decades ago [91] . Nevertheless, in the rat, the derivative form as retinyl palmitate seems to be a significantly less potent teratogen than the retinoic acid form [91] , which illustrates another interesting application of the production of lipid derivatives of vitamins.
STEROLS AS LIPID DELIVERY SYSTEMS OF BIO-ACTIVE INGREDIENTS
Sterols belong to the family of triterpenes and consist of a tetracyclic cyclopenta[a]phenanthrene structure and a side chain linked to the C-17. Cholesterol, which is mainly found in animal tissues, is the most representative compound of the sterol family. Sterols are also found in vegetable tissues, being known as phytosterols (PS) or plant sterols. PS can be classified into sterols and stanols, according to the presence or absence of a double bond at the 5 position [4] . PS are currently popular as hypocholesterolemic agents due to interference with intestinal absorption of cholesterol [3] . In addition, PS have been related to anti-cancer, antiatherosclerosis, anti-inflammation and antioxidation activities [3] .
The first studies about the inclusion of PS in functional foods were performed by free forms of these molecules. However, the poor solubility of free sterols led to inconsistent and confusing results in clinical studies and high doses of free sterol intake were required to achieve significant cholesterol reduction [9] . This drawback was solved when it was solubilized in the provided preparations [92] . Thus, emulsification of PS with lecithin, sucrose esters, DG or with different food matrices were suggested for increasing their bioavailability into the intestinal micelles [93] . Nevertheless, PS esterification to fatty acid has been the most common solubilization method in food preparations and dietary supplements [94] [95] [96] . Besides improving the solubilization and management of PS for inclusion in foods, the esterification of PS is currently of interest due to the potential of producing lipid delivery systems for both the own PS and the own esterified compound, which might be a bioactive molecule by itself regardless the attached PS; and even more attractive, synergistic bioactivities between both molecules might result from the process of esterification.
Sterols as Lipid Delivery Systems of Bioactive Fatty Acids
PS esterified to fish-oil fatty acids (FO-PS), as the main n-3 PUFA source, has been produced and tested in diverse studies. Consumption of FO-PS favorably affected key and independent risk factors associated with cardiovascular health disease, such as elevated plasma TG levels and LDLcholesterol [97, 98] , suggesting a combined beneficial effect of PS and PUFA. Furthermore, FO-PS supplementation had a potent hypotriglyceridemic effect that may be even more pronounced than the one observed with regular FO supplementation. On the other hand, Jones et al. [99] compared the effects of PS esterified to sunflower oil, olive oil, or FO in mildly overweight hyperlipidemic subjects. These authors suggested that FO-PS resulted in lowered blood TG and higher fat-soluble vitamin levels in comparison to vegetable oil FA esters of PS.
The popular sterol analogs of PS, the cholesterol, has been proposed as potential pro-drug to deliver butyric acid in the form of cholesteryl butyrate solid lipid nanoparticles (chol-but SLN) [100] . The interest on pro-drugs of butyric acid has been already explained in previous sections of this manuscript, concerning the promising bioactive properties of butyrate, but the drawback of its short half-life in plasma [34] . The synthetic form Chol-but SLN showed to be a potentially effective approach for delivering butyric acid to tumor cells, and it prolonged cell exposure to the drug. Chol-but SLN inhibited cell growth at six times lower concentration than that necessary to obtain a similar effect with free sodium butyrate. In addition, Chol-but SLN also affected the proliferation pattern of both myeloid and lymphoid cells to a greater extent than the natural butyrate [101] . Despite the lack of current information, the esterification of cholesterol to butyric acid showed the potential of producing other different structures of synthetic sterols esterified with SCFA as lipid delivery systems of the esterified fatty acids. In fact, synthetic short-chain esterified PS have been already patented, but in this case, the SL was performed for enhancing the inclusion of PS in aqueous food compositions by improving their hydrodispersibility [102] .
Sterols as Lipid Delivery Systems of Other Bioactive Compounds
Phenolic Compounds
Sterols found in sources like corn, wheat, oat, rice bran and sheanut are frequently esterified with phenolic acids such as ferulic acid, coumaric acid, caffeic acid, and cinnamic acid [103] . The phytosteryl ferulate form has shown multiple health beneficial activities. Thus, gammaoryzanol, a phytosteryl ferulate mixture extracted from rice bran oil, has shown reduction of cholesterol levels, inhibition of platelet aggregation and antioxidant functions [103, 104] .
Chigorimbo-Morefu et al. [77] demonstrated the feasibility of synthesis of ferulic derivatives when reported the first biocatalysed synthesis of sterol derivatives of ferulic acid. They reported that the antioxidant activities of some of the synthesized compounds were higher than that of the precursor ferulic acid. Similarly, a recent patent [105] relates to a synthetic method for the preparation of phytosteryl ferulate using ferulic acid and PS isolated from soybean oil deodorizer distillate. The obtained compound significantly lowered the elevated cholesterol levels in hamsters and interfered with the absorption of cholesterol, the effect being comparable with that of natural oryzanol.
Vitamins
Besides esters of fatty acids, PL or TG, sterols have been also tested as lipid delivery systems of ascorbic acid. A study about the effects of different PS analogs on colonic mucosal cell proliferation in hamsters reported that plant stanols esterified to ascorbic acid may possess anticarcinogenic properties in the colon by suppressing colonic mucosa cell proliferation; however, this effect was not observed with free plant sterols or stanols [106] . Similarly, a patent [107] provided novel derivatives comprising PS/phytostanols and ascorbic acid. These derivatives afforded dietary and therapeutic advantages when compared to the use of PS/phytostanols without such attachment. Solubility of the novel derivatives was greatly enhanced, both in aqueous solutions and non-aqueous media such as oils and fats. Moreover, the formation of these derivatives allowed the full potential of ascorbic acid by avoiding its decomposition. In addition, these derivatives showed a good heat stability, which is essential for further processing.
ALKYLGLYCEROLS AS LIPID DELIVERY SYSTEMS OF BIOACTIVE INGREDIENTS
Alkylglycerols, alkylglycerophospholipids and their derivatives, namely ether lipids, are membrane components and cellular signaling molecules. These glycerides contain Oalkyl or O-alk-1-enyl groups at sn-1 position. Glyceryl ether diesters or monoesters can be also found. Alkyldiacylglycerols are especially abundant as major components of total lipids in liver oil of marine invertebrates and vertebrates (dogfish and various other species of elasmobranch fish, especially shark liver oil) [108] . In the human body, they can be found in the cells of the immune system and in human breast milk [108] .
Ether lipids have been the subject of much attention last years because of their special physiological functions in humans. Within ether lipids, the most popular one, due to important biological activities, is the platelet-activating factor (PAF), a 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine, with diverse cell mediator effects in a variety of tissues and systems, including circulation, inflammation, development and reproduction [109] . The 1-O-alkyl-sn-glycerols have been also claimed to display various beneficial effects on human health and seems to amplify the production of PAF by incorporation within the PAF precursor 1-O-alkyl-2-acylsn-glycero-3-phosphocholine [110] . Additionally, alkylglycerols are potent antineoplastic agents which inhibit growth, show antimetastatic activity, and induce differentiation and apoptosis in cancer cells [110] . Immune stimulation properties have also been attributed to these substances [111] , as well as improving of boar sperm motility and fertility [109] .
Synthetic ether lipids that do not occur in nature have been prepared to find therapeutic agents [112] , such as PAFlike lipids, which retain a short-chain residue at the sn-2 position other than an acetyl group [113] . This short-chain residue may contain either a -methyl, -aldehyde, -alcohol, or a -carboxyl group for PAF-like activity. In this sense, it has been shown that the shorter the sn-2 chain residue the more active the PAF-like lipid [114, 115] .
Torres et al. [116] have recently synthesized structured alkyldiacylglycerols containing residual short-chain fatty acids at sn-2 and sn-3 locations by enzymatic transesterification of 1-O-Octadecyl glycerol and ethyl butyrate. The potential bioaccessibility of this synthetic alkylglycerol was later assayed by simulating the intestinal digestion of the molecule by pancreatic enzymes under in vitro conditions [117] . This study showed that the suggested bioactive structure of 1-O-alkyl-sn-glycerol retaining a short-chain residue was produced after intestinal hydrolysis as the major hydrolysis product, in the form of 2-butyroil-1-O-octadecyl glycerol. On the other hand, in the production of this structured alkylglycerol, Torres et al. [116] claimed that this molecule might have an additional interest taking into account that the short-chain residue at sn-2 location of this lipid was the bioactive fatty acid butyrate. It has been stated that efficient pro-drugs of butyrate should have a sufficiently stable bond between the carrier and butyrate residue to increase its in vivo half-life [118] . In the performed in vitro intestinal digestion study [117] , it was shown that the traditional tributyrin proposed as pro-drug of butyrate was completely hydrolyzed to butyric acid, in contrast to the obtained stable esterified form of butyric acid as 2-butyroil-1-Ooctadecyl glycerol, showing the potential of this synthetic molecule as carrier of butyrate.
Another recent example of ether lipids as lipid delivery systems showed the synthesis of alkyl hydroxytyrosol ethers [119] . The obtained derivatives retained the protective antioxidant capacity of HT in oil matrices. In addition, the efficient bioavailability of these HT ethers was demonstrated [120] .
Other studies of synthetic alkyldiacylglycerides as lipid delivery have not been found in the scientific literature, but it sounds a promising field for delivery systems of bioactive compounds, with the additional advantage of the own bioactivity of the alkylglycerol molecule.
CONCLUSIONS
Diverse bioactive molecules claiming a potential use as functional ingredients or nutraceuticals have a limited solubility or high lability, which makes their application difficult in the food formulation, and which may limit its functionality and bioavailability. In addition, the poor solubility of bioactive ingredients showing antioxidant properties may also affect the potential technological application for food manufacturers as antioxidant compounds for food protection. The current development of the technology of SL, especially by enzymatic methods, is allowing the production of lipid delivery systems of bioactive molecules for food ingredients that, similarly to drug lipid delivery systems in the pharmacology field, allows the lipophilization of poor soluble molecules for application in food matrices. In addition, lipid delivery systems could transport important functional molecules to different tissues and enhance the oral bioavailability of poorly soluble compounds.
The reviewed examples have successfully illustrated the validity of synthetic lipid delivery systems for improving the bioactivity and incorporation of functional ingredients in foods. Thus, diverse lipid delivery systems including TG, PL, fatty acids and fatty alcohols, sterols and alkylglycerols have been tested as carrier-linked of functional compounds such as bioactive fatty acids, phenolic compounds and vitamins. In some cases, improved bioactivities were shown for the synthetic compounds. On the other hand, the mutual activity where the carrier used is another biologically active compound, such as PL, sterols or alkylglycerols, is an additional aspect of interest for the development of lipid delivery systems for functional foods applications.
